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INTRODUCTION 

A s e r i o u s  p r o b l e m  i n  t h e  c a t a l y t i c  m e t h a n a t i o n  o f  coa l  s y n t h e s i s  gas i s  
f o u l i n g  of t he  c a t a l y s t  by  carbon deposi t ion.  This problem can be avoided by i n c r e a s i n g  
t h e  hydrogen content o f  t h e  feed stream so tha t  thermodynamic e q u i l i b r i u n  i s  un favorab le  
toward  carbon d e p o s i t i o n  (1); however, p rocess  economics f a v o r  m i n i m i z i n g  hydrogen 
usage. S ince  most g a s i f i e r s  p roduce a hydrogen d e f i c i e n t  gas t h e  a p p l i c a t i o n  o f  
a methanat ion  c a t a l y s t  wh ich  d e p o s i t s  carbon a t  n e g l i g i b l e  r a t e s  would be h i g h l y  
desirable, s ince i t  would e l im ina te  t h e  need f o r  the s h i f t  reac tor  p r i o r  t o  methanat ion.  
Except f o r  a few r e c e n t  s t u d i e s  i n  t h i s  l a b o r a t o r y  ( 2 - 5 )  t h e r e  has been v e r y  l i t t l e  
r e s e a r c h  t o  d e t s r m i n e  t h e  e f f e c t s  of carbon d e p o s i t i o n  o n  a c t i v i t y  o r  t h e  k i n e t i c s  
and mechanism o f  c a r b o n  d e p o s i t i o n  on v a r i o u s  c a t a l y s t s  d u r i n g  methanat ion .  Such 
i n f o r m a t i o n  would be v a l u a b l e  i n  determining t h e  b e s t  c a t a l y s t s  and optimum opera t ing  
c o n d i t i o n s  f o r  methanat ion  o f  hydrogen-poor s y n t h e s i s  gas. 

A p r e v i o u s  s t u d y  i n  t h i s  l a b o r a t o r y  (6 )  showed t h a t  Ni-Mo c a t a l y s t s  a r e  
p r o m i s i n g  f o r  use  i n  t h e  BI-GAS p r o c e s s  s i n c e  t h e y  a re  as a c t i v e  as N i  bu t  more 
r e s i s t a n t  t o  s u l f u r  p o i s o n i n g .  The p r e s e n t  s t u d y  was u n d e r t a k e n  t o  de termine t h e  
behav io r  o f  N i  and Ni-Mo c a t a l y s t s  under r e a c t i o n  c o n d i t i o n s  which are c h a r a c t e r i s t i c  
o f  combined sh i f t /methanat ion  and which favo r  massive carbon format ion.  The ob jec t i ves  
o f  t h i s  s t u d y  were t o :  

1. D e t e r m i n e  t h e  e f f e c t s  o f  c a r b o n  d e p o s i t i o n  o n  t h e  a c t i v i t y  o f  t h e s e  
c a t a l y s t s  under  h i g h  t e m p e r a t u r e  c o n d i t i o n s  ( b o t h  l o w  and h i g h  pressures)  which 
promote carbon f o r m a t i o n .  

2. Determine i f  the  carbon fou led  ca ta l ys ts  cou ld  be regenerated by t rea tment  
i n  a i r  o r  O 2  a t  h i g h  temperatures.  

The r e s u l t s  o f  a c t i v i t y ,  a d s o r p t i o n ,  c a r b o n  d e p o s i t i o n  and r e g e n e r a t i o n  
t e s t s  t o  a c c o m p l i s h  t h e s e  o b j e c t i v e s  a r e  p r e s e n t e d  and d i s c u s s e d  i n  t h i s  paper. 

EXPERIMENTAL METHODS 

M a t e r i a l s  

Cata lys t  composi t ion and suppl iers are l i s t e d  i n  Table 1. C a t a l y s t  p r e p a r a t i o n  
and pre t rea tment  was t h e  same as descr ibed p r e v i o u s l y  (6 ) .  

Hydrogen gas (99.99% Whi tmore)  was p u r i f i e d  u s i n g  a Pd c a t a l y s t  f o l l o w e d  
b y  a m o l e c u l a r  s i e v e  t r a p .  Gases f o r  t h e  r e a c t i o n  m i x t u r e s ,  N2 (99.99% Whitmore), 
CO (99.9% Matheson) CH4 (99.97% Matheson), O2 (99.8% Whitmore) were used as d e l i v e r e d .  
The r e a c t i o n  m i x t u r e  f o r  t h e  carbon d e p o s i t i o n  runs  was passed th rough an a c t i v a t e d  
c h a r c o a l  t r a p  h e a t e d  t o  473 K and a ZnO/molecu la r  s i e v e  t r a p  heated t o  353 K t o  
rBnOVe any i r o n  carbonyl  and s u l f u r  impur i t i es  before undergoing methanation. C a t a l y s t  
p r e s u l f i d i n g  t r e a t m e n t s  were c a r r i e d  out u s i n g  a 66 ppm H2S i n  H 2  m i x t u r e  prepared 
i n  t h i s  l a b o r a t o r y  d i l u t e d  t o  9 ppm w i t h  hydrogen. 
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Procedure 

-- H Chemisorption. P r i o r  t o  each t e s t  s e r i e s ,  smal l  samples (0 .2-0 .5  g )  
of reduce2catalysts were rereduced a t  773 K as previously described (6 ) .  H 2  adsorption 
isotherms were then measured a t  298 K fo l lowing  procedures r epor t ed  previous ly  
(7 -9 ) .  H chemisorption measurements were a l so  performed following each se r i e s  
of t e s t s  Eo de tec t  any changes in t h e  c a t a l y s t  su r f ace  a rea ,  and in the case of 
catalysts analyzed fo r  carbon content H 2  chenisorption measurements were made d i r ec t ly  
a f t e r  carbon deposition. 

Spec i f i c  Rate Measurement. Except fo r  t h e  f l u i d i z e d  bed t e s t s  s p e c i f i c  
r a t e s  were measured i n  a Pyrex, f ixed-bed r eac to r  a t  498 K before and a f t e r  the 
steady s t a t e  carbon deposit ion runs and  a f t e r  regenera t ion  in the same manner as 
in our previous study ( 6 ) .  Spec i f i c  r a t e  measurements f o r  c a t a l y s t s  deac t iva ted  
in the f lu id i zed  bed r eac to r  were performed only a f t e r  regeneration. Except f o r  
the measurements before and a f t e r  high pressure carbon deposit ion these t e s t s  were 
performed with 0.2 t o  0 .6  gram samples and a r eac t an t  mixture cons i s t ing  o f  1% 
CO,  4% HE and 95% N . To avoid lengthy reduction and passivation steps,  t he  spec i f ic  
r a t e  measurements Eefore and a f t e r  the high pressure  carbon deposit ion runs were 
car r ied  o u t  in the s t a i n l e s s  s t e e l  high pressure reac tor  described previously ( 6 )  
using 1 ml samples. The reac tan t  mixture f o r  these measurements was 4.3% CO, 5.6% 
H 2  and 90.1% N p .  

Steady S t a t e  (24 h )  Carbon Deposition R u n s .  Af t e r  i n i t i a l  spec i f i c  r a t e  
measurements, each c a t a l y s t  was operated in a f ixed  bed f o r  approximately 24 hours 
under steady s t a t e  cond i t ions  a t  723 K and pressures  of 138 kPa or 2600 kPa t o  
observe i t s  behavior under severe carbon depos i t i on  condi t ions .  Two samples of 
each ca t a lys t  were run a t  the  lower pressure.  One was used f o r  regeneration t e s t s  
and  one was analyzed f o r  carbon cont n t .  The space ve loc i ty  f o r  a l l  steady s t a t e  

of the equilibrium diagram was ensured by using a 4.2% CO mixture ( i n  a N di'luent) 
and  a H /CO r a t i o  of 1 .3 .  F igure  1 shows t h i s  composition on a carbon-5ydrogen- 
oxygen {riaxial  p lo t  along with our 1% CO mixture (H2/C0 = 4 )  and the 61-GAS nminal 
f eed  gas composition ( H  /CO - 1 . 4 ) .  Sample s i z e s  were again 0.2-0.6 g f o r  low 
pressure runs and 1 ml ?or high pressure runs. Reactant and producr. sampling was 
performed in the  same way as in  our previous in s i t u  deac t iva t ion  measurements 
( 6 ) .  

Ni-Mo-Cu (0.57 g )  and Ni-Mo (0.51 g )  were operated in a fluidized bed reac tor  
( 6 )  fo r  24 hours a t  723 K and 138 kPa. A f lu id ized  bed was used in order t o  simulate 
more c l o s e l y  t h e  81-GAS process .  The r e a c t i o n  mixture was a d i lu t e  BCR mixture 
of the following composition: 5.3% CO,  6.5% H 2 ,  1.6% CHq,  3.6% CO , 83.0% N . These 
runs were repeated using f r e sh  samples (0.5-0.6 g )  and a 4.2% EO, 5.5% tf2, 90.3% 
N 2  mixture t o  obtain samples f o r  carbon analysis.  

Regenera t ion  t e s t s  were performed 
with a 1-3 a i r  i n  N 2  mixture at  138 k P a c a t a l y s t s  deactivated a t  low pressure 
and a 1-4% O 2  i n  N mix ture  a t  2600 kPa f o r  t hose  deac t iva t ed  a t  high pressure. 
In b o t h  ca ses  the Zemperature was 573 K .  Cata lys t s  deac t iva t ed  in a f lu id i zed  
bed were a l so  regenerated in a f lu id ized  bed. During regeneration CO and C o g  con- 
centrations in the product strean were monitored continuously with the  chromatograph 
fo r  15 t o  30 minutes. After 30 minutes the CO concentration was negligible indicating 
completion of carbon removal. The ca ta lys t s  &ich had undergone e i t h e r  high pressure 
regenera t ion  or low p res su re  f l u i d i z e d  bed r egene ra t ion  were pass iva ted  with a 
d i l u t e  air/N2 mixture and t r ans fe r r ed  t o  the  f ixed  bed r eac to r  c e l l  t o  f a c i l i t a t e  
subsequent spec i f ic  r a t e  and H 2  chemisorption measurements. 

carbon deposit ion runs was 100,000 h-  P . Operation in t h e  carbon deposition region 

Re;eneration T e s t s  and P a s s i v a t i o n .  
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R e g e n e r a t i o n  o f  t h e  N i  c a t a l y s t  was a t t e m p t e d  u s i n g  a 50% H20/H2 m i x t u r e  
a t  723 K and 2600 kPa f o r  6.5 hours, bu t  it r e s u l t e d  i n  severe a t t r i t i o n  and t h e r e  
was n o t  enough c a t a l y s t  l e f t  i n  t h e  r e a c t o r  t o  p e r f o r m  any m e a n i n g f u l  t e s t s .  F o r  
t h i s  reason a d i l u t e  0 /N2 m i x t u r e  a t  h i g h  p r e s s u r e  was used f o r  r e g e n e r a t i o n  o f  
c a t a l y s t s  d e a c t i v a t e d  a$ h igh  pressure.  

P r e - s u l f i d i n g  Runs. 0.5 m l  samples o f  t h e  N i  and Ni-Mo-Cu c a t a l y s t s  were 
loaded i n t o  t h e  Pyrex f l u i d i z e d  bed r e a c t o r  and re - reduced as d iscussed p rev ious l y .  
The f l u i d i z e d  bed was used t o  assure un i fo rm p o i s o n i n g  o f  t h e  c a t a l y s t  p a r t i c l e s .  
These c a t a l y s t s  were t h e n  exposed t o  375 ml/min o f  a gas m i x t u r e  o f  9 ppm H S i n  
H2 a t  725 K f o r  s u f f i c i e n t  t i m e  t o  s u l f i d e  50% o f  t h e  c a t a l y s t  s u r f a c e  ( 6 ) .  i f t e r  
exposure f o r  t h e  r e q u i r e d  t ime ,  t h e  c a t a l y s t s  were c o o l e d  t o  room tempera ture  and 
pass iva ted .  A c t i v i t y  t e s t s  were t h e n  run  as d e s c r i b e d  below. 

RESULTS 

S p e c i f i c  Rate  and H2 Chemisorp t ion  Measurements 

R e a c t i o n  r a t e s  per  a c t i v e  s i t e  o f  c a t a l y s t ,  i . e .  methane t u r n o v e r  numbers 
(N ), and produc t  y i e l d s  ( f r a c t i o n s  o f  conver ted  CO o c c u r r i n g  as v a r i o u s  produc ts )  
ob!%ined i n  d i f f e r e n t i a l  r e a c t o r  t e s t s  o f  N i ,  Ni-Mo, and Ni-Mo-Cu c a t a l y s t s  a re  
presented i n  Tab le  2 a l o n g  w i t h  H2 chemisorp t ive  uptakes. 

The d a t a  i n  T a b l e  2 show t h a t  a l l  t h r e e  c a t a l y s t s  s u f f e r e d  s i g n i f i c a n t  
decreases i n  m e t a l  s u r f a c e  a r e a  measured by  H2 a d s o r p t i o n  a f t e r  carbon d e p o s i t i o n  
a t  e i t h e r  l o w  o r  h i g h  p r e s s u r e .  However, t h e r e  were  s i g n i f i c a n t  v a r i a t i o n s  i n  
t h e  magn i tude o f  changes observed f o r  t u r n o v e r  numbers a f t e r  c a r b o n  d e p o s i t i o n  
a t  low pressure.  The CH t u r n o v e r  numbers o f  N i  and Ni-Mo-Cu d i d  n o t  change s i g n i -  
f i c a n t l y  w h i l e  t h a t  o f  di-Mo dropped o v e r  90%. CH4 y i e l d  d ropped f o r  Ni and N i -  
Mo bu t  remained unchanged f o r  Ni-Mo-Cu. Ni-Mo-Cu and Ni-Mo e x h i b i t e d  s i g n i f i c a n t  
i n c r e a s e s  i n  COP y i e l d  a f t e r  carbon d e p o s i t i o n ,  whereas N i  showed no s i g n i f i c a n t  
COz y i e l d  e i t h e r  b e f o r e  o r  a f t e r  carbon d e p o s i t i o n .  

The c a t a l y s t s  a l s o  r e s p o n d e d  d i f f e r e n t l y  t o  r e g e n e r a t i o n .  N i  and Ni-Mo 
r e g a i n e d  a c t i v i t y  a f t e r  r e g e n e r a t i o n  h a v i n g  CH4 t u r n o v e r  numbers near those f o r  
t h e  f r e s h  c a t a l y s t s ;  CH4 y i e l d  was a l m o s t  c o m p l e t e l y  r e s t o r e d  f o r  N i  b u t  on l y  i n  
p a r t  f o r  Ni-Mo. Regenera t ion  d i d  n o t  improve t h e  a c t i v i t y  o r  s e l e c t i v i t y  o f  N i -  
Mo-Cu, bu t  r a t h e r  caused decreases i n  CH4 and C02 y i e l d s .  A l l  o f  t h e  s u l f u r - f r e e  
c a t a l y s t s  a p p a r e n t l y  s u f f e r e d  a decrease i n  s u r f a c e  area  a f t e r  regenera t ion .  

a t  h i g h  p r e s s u r e  d e m o n s t r a t e d  s i m i l a r  t r e n d s .  
w e l l  as CH4 y i e l d s  decreased f o r  a l l  c a t a l y s t s .  
o f  2 f o r  N i  and a f a c t o r  o f  10 f o r  Ni-Mo-Cu and Ni-Mo. 

- 

The r e s u l t s  o f  d i f f e r e n t i a l  runs f o r  c a t a l y s t s  subjected t o  carbon d e p o s i t i o n  
T h a t  i s ,  CH4 t u r n o v e r  numbers as 

I n  f a c t  NCH4 decreased by a f a c t o r  

Despite a decrease i n  sur face  area  the  regenerat ion t reatment a t  h i g h  pressure 
w i t h  a d i l u t e  0 m i x t u r e  seemed t o  g r e a t l y  jmprove c a t a l y s t  performance f o r  a l l  
c a t a l y s t s .  CH4 {u rnover  numbers f o r  t h e  t h r e e  c a t a l y s t s  ranged from 1.5 t o  8 t imes 
t h e  va lue  b e f o r e  c a r b o n  d e p o s i t i o n  and CH4 y i e l d s  were 37 t o  66 p e r c e n t  h i g h e r  
than pre-carbon d e p o s i t i o n  va lues .  To de termine i f  t h i s  e f f e c t  was permanent t h e  
N i  c a t a l y s  was t e s t e d  f o r  an a d d i t i o n a l  20 h o u r s  a t  623 K and space v e l o c i t y  o f  
100,000 h-  w i t h  1% C O  and H2/C0 = 4, a f t e r  w h i c h  t h e  t u r n o v e r  number r e v e r t e d  
t a  t h e  pre-carbon d e p o s i t i o n  va lue .  

T a b l e  2 a l s o  shows t h e  r e s u l t s  o f  d i f f e r e n t i a l  t e s t s  on two ca ta l ys ts ,  
Ni-Mo-Cu and N i ,  which were p r e - s u l f i d e d  and exposed t o  carbon d e p o s i t i n g  environment 
a t  low Pressure. These r e s u l t s  show t h a t  carbon d e p o s i t i o n  i s  ex t remely  de t r imenta l  
t o  Ni-Ma-Cu when i t  has been p r e v i o u s l y  exposed t o  H2S. On t h e  o t h e r  hand N i  i s  

I .  
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r e l a t i v e l y  u n a f f e c t e d  showing s i m i l a r  a c t i v i t y  p e r f o r m a n c e  t o  t h e  n o n - s u l f i d e d  
C a t a l y s t .  Both c a t a l y s t s  showed l i t t l e  change i n  H2 up take  as a r e s u l t  of ca rbon  
depos i t i on  and/or regeneration. However, regenerat ion apparent ly  caused a s i g n i f i c a n t  
i nc rease  i n  CH4 y i e l d  f o r  p r e - s u l f i d e d  N i .  

Steady S t a t e  (24 h )  Carbon Depos i t i on  Tests  

Values of CO conversion, r a t e s  o f  methane p roduc t i on  and normal ized a c t i v i t i e s  
a re  l i s t e d  i n  T a b l e  3 f o r  N i ,  Ni-Mo and Ni-Mo-C c a t a l y s t s  b e f o r e  and a f t e r  24 

a c t i v i t y  versus t ime  are shown i n  F i g u r e s  2 and 3. Normal ized a c t i v i t y  i s  d e f i n e d  
as t h e  r a t i o  o f  t h e  i ns tan taneous  r a t e  o f  methane p r o d u c t i o n  t o  t h e  i n i t i a l  r a t e ;  
t h e  h a l f  l i f e  corresponds t o  a no rma l i zed  a c t i v i t y  o f  0.5. 

Based o n  t h e  n o r m a l i z e d  a c t i v i t y  a f t e r  24 hours t h e  o r d e r  o f  d e c r e a s i n g  
r e s i s t a n c e  t o  ca rbon  d e p o s i t i o n  a t  l o w  p r e s s u r e  was N i ,  N i  ( p r e - s u l f i d e d ) ,  N i -  
Mo-Cu, Ni-Mo, Ni-Mo-Cu ( p r e - s u l f i d e d ) .  The o r d e r  o f  i n c r e a s i n g  c o n t e n t  o f  ca rbon  
d e p o s i t e d  a f t e r  24 h o u r s  f o l l o w e d  t h i s  same t r e n d .  However, when t h e  Ni-Mo and 
Ni-Mo-Cu c a t a l y s t s  were operated i n  a f l u i d i z e d  bed, Ni-Mo m a i n t a i n e d  an a c t i v i t y  
o f  0.38 compared t o  z e r o  f o r  Ni-Mo-Cu a f t e r  t h e  24 h o u r  c a r b o n  d e p o s i t i o n  t e s t ,  
even though 10 t imes  more carbon was d e p o s i t e d  on Ni-Mo compared t o  Ni-Mo-Cu. I n  
f a c t ,  t h e  Ni-Mo-Cu c a t a l y s t  l o s t  a l l  measurab le  a c t i v i t y  w i t h i n  15 hours i n  the  
f l u i d i z e d  bed. The p r e - s u l f i d e d  Ni-Mo-Cu a l s o  d e a c t i v a t e d  v e r y  r a p i d l y  as shown 
i n  F i g u r e  2. F i g u r e  3 shows f a i r l y  s i g n i f i c a n t  f l u c t u a t i o n s  i n  t h e  d a t a  a t  8 hours 
f o r  t h e  Ni-Mo f l u i d i z e d  bed r u n .  Ma in tenance  o f  a s teady  f l o w  d u r i n g  t h i s  run  
requ i red  constant a t ten t i on ,  and t h i s  f l u c t u a t i o n  can be a t t r i b u t e d  t o  f l o w  v a r i a t i o n s  
d u r i n g  t h e  evening and n i g h t  hours when t h e  r u n  was unattended. 

Data i n  Table 3 o b t a i n e d  at  h i g h  p ressu re  show t h a t  Ni-Mo l o s t  no a c t i v i t y  
d u r i n g  t h e  24 hour  p e r i o d .  O n l y  a s l i g h t  d e c r e a s e  i n  a c t i v i t y  was obse rved  f o r  
N i ,  whereas the  a c t i v i t y  f o r  Ni-Mo-Cu decreased by  a lmost  40%. 

Fo r  the low pressure f i x e d  bed carbon & p o s i t i o n  rtms t h e  decrease i n  normalized 

h o u r  s t e a d y  s t a t e  t e s t s  a t  773 K and 100,000 h -  Y . T y p i c a l  p l o t s  o f  n o r m a l i z e d  

a c t i v i t y  w i t h  t ime  i s  rep resen ted  bes t  by  t h e  f o l l o w i n g  express ion:  

a 
0 a =  

1 + e x d  - kaor)  [exp( kd[COo] t) -1 3 
1)  

where a = n o r m a l i z e d  a c t i v . t y  a t  t i m e  t , a, = n o r m a l i z e d  c t i  i t y  a t  t = 0, k = 

[ C O O ]  concen t ra t i on  of CO a t  bed ent rance (mol 1- ), and T = i nve rse  space v e l o c i t y  
( h ) .  ) i s  ob ta ined  from Equat ion 1 b y  s e t t i n g  
a/ao = 0.5 and rea r rang ing .  The r e s u l t  !L2 

r r e a c t i o n  r a t e  c o n s t a n t  ( h -  1 ),  kd  = decay  c o n s t a  t ( 1  mol- '  h- ' ) ,  t = t i m e  ( h ) ,  

An express ion f o r  t h e  h a l f  l i f e  ( t  

Equations 1 and 2 were used to  p l o t  the s o l i d  l i n e s  i n  Figures 2 and 3 and t o  c a l c u l a t e  
t h e  h a l f  l i v e s  shown i n  Table 3. 

The d a t a  f r o m  t h e  f l u i d i z e d  bed  r u n s  a r e  c o r r e l a t e d  f a i r l y  w e l l  b y  t h e  
f o l l o w i n g  exp ress ion  a f t e r  about 5 hours:  

- k d t  a = aoe 3 )  
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where the symbols have t h e  same meaning as b e f o r e .  From Equat ion  3 t h e  h a l f  l i f e  
can be ob ta ined as f o l l o w s :  

t1/2 = 0.693 ( k d ) - l  4) 

T h i s  e x p r e s s i o n  was u s e d  t o  c a l c u l a t e  t h e  h a l f  l i v e s  o f  N i -Mo and Ni-Mo-Cu i n  a 
f l u i d i z e d  bed wh ich  a r e  shown i n  Table 3. 

DISCUSSION 

E f f e c t s  o f  Carbon Depos i t ion-on  Methanat ion A c t i v i t y  

E f f e c t s  on I n t  r i  ns  i c  A c t  i v  i t y l  Se l e c t  i v  it P r o p e r  t i e s  . S e v e r  a1 recent  
i n ves ti g ~ % ~ ~ f i a ~ ~ ~ ~ n ~ a ~ s ~ ~  2)m- pr  ov i ded ev i dence 
t h a t  adsorbed c a r b o n  i s  an a c t i v e  r e a c t i o n  i n t e r m e d i a t e .  McCarty and Wise (11) 
r e p o r t e d  f o u r  t y p e s  o f  carbon which a re  adsorbed on t h e  N i  s u r f a c e  a f t e r  exposure 
t o  CO. Two s p e c i e s  d e s i g n a t e d  a ' - c a r b o n  and a - c a r b o n  ( b o t h  atomic carbon) were 
e a s i l y  removed b y  H2 and another d e s i g n a t e d 5  -carbon (po lymer ized carbon) was about 
1/100 as a c t i v e  toward H2. G r a p h i t i c  carbon, t h e  f o u r t h  type  i s  a p p a r e n t l y  formed 
by  h i g h  t e m p e r a t u r e  c o n v e r s i o n  o f  t h e  B-form. McCar ty  and Wise i n d i c a t e d  t h a t  
a -carbon ( C  ) i s  s l o w l y  t r a n s f o r m e d  t o  5 - c a r b o n  (C5)  a t  t e m p e r a t u r e s  above 600 
K .  Thus, cafbon f o u l i n g  of  methanation c a t a l y s t s  i s  l i k e l y  t h e  r e s u l t  o f  Cg f o r m a t i o n  
from C,, t h e  r a t e  o f  t r a n s f o r m a t i o n  p r o b a b l y  depending on t h e  n a t u r e  o f  t h e  a c t i v e  
s i t e .  The more a c t i v e  s i t e s  a r e  more l i k e l y  t o  promote b o t h  r a p i d  d e p o s i t i o n  and 
g a s i f i c a t i o n  o f  &. I f  d e p o s i t i o n  o c c u r s  more r a p i d l y  t h a n  g a s i f i c a t i o n ,  C, w i l l  
b u i l d  up on the  s u r f a c e  and Cg f o r m a t i o n  w i l l  be favored.  

Assuming c a r b o n  i s  an a c t i v e  i n t e r m e d i a t e ,  t h e  d e a c t i v a t i o n  r a t e  i s  then 
d e t e r m i n e d  b y  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  r a t e  o f  a c t i v e  carbon fo rmat ion  
and t h e  r a t e  o f  g a s i f i c a t i o n .  The r e l a t i o n s h i p  between r a t e s  o f  carbon f o r m a t i o n  
and g a s i f i c a t i o n  forms t h e  b a s i s  o f  t h e  f o l l o w i n g  d i s c u s s i o n  o f  i n d i v i d u a l  c a t a l y s t  
b e h a v i o r  under low p r e s s u r e  c o n d i t i o n s .  Apparent ly  under t h e  low pressure  c o n d i t i o n s  
of t h i s  s tudy  N i  shows v e r y  l i t t l e  d e a c t i v a t i o n  and accumulates v e r y  l i t t l e  carbon. 
T h i s  behavior suggests t h a t  the r a t e  o f  g a s i f i c a t i o n  equa l izes  the r a t e  o f  depos i t ion  
f o r  n i c k e l  u n d e r  t h e s e  c o n d i t i o n s .  The s m a l l  amount o f  c a r b o n  f o u l i n g  t h a t  d i d  
occur  appears t o  be m a i n l y  due t o  blockage o r  loss o f  s i t e s  s i n c e  carbon d e p o s i t i o n  
d i d  n o t  change the  t u r n o v e r  number. The a d d i t i o n  o f  Mo t o  N i  a p p a r e n t l y  f a v o r s  
the  massive depos i t ion  o f  carbon as evidenced b y  t h e  very s i g n i f i c a n t  loss o f  s p e c i f i c  
a c t i v i t y  and g r e a t e r  carbon c o n t e n t  o f  Ni-Mo. Indeed, r e c e n t l y  o b t a i n e d  d a t a  f rom 
a g r a v i m e t r i c  s tudy  i n  t h i s  l a b o r a t o r y  ( 4 , 5 )  show t h a t  the  r a t e  o f  carbon d e p o s i t i o n  
a t  773 K on a 5.5% Ni-Mo/A1203 c a t a l y s t  i s  5 t i m e s  g r e a t e r  t h a n  f o r  a 3% Ni/A1203 
c a t a l y s t .  The m a j o r  d i f f e r e n c e  i n  b e h a v i o r  o f  these t w o  c a t a l y s t s  appears t o  be 
t h e  s i g n i f i c a n t l y  h i g h e r  r a t e  o f  g a s i f i c a t i o n  o f  carbon f o r  t h e  3% Ni/A1203. Perhaps 
Mo be l ieved t o  be present as Mooe d issoc ia tes  CO bu t  no t  H2, t hus  c a t a l y z i n g  f o r m a t i o n  
b u t  n o t  removal o f  C,. 

The a d d i t i o n  o f  Cu t o  Ni-Mo a p p e a r s  t o  cause a r e d u c t i o n  i n  t h e  amount 
Of C a  formed as i n d i c a t e d  b y  t h e  s i g n i f i c a n t l y  l o w e r  t u r n o v e r  number o f  Ni-Cu- 
Mo. Consequent ly l i t t l e  Cg i s  formed, r e s u l t i n g  i n  t h e  r e l a t i v e l y  l o n g  h a l f - l i f e  
Of  Ni-Mo-Cu r e l a t i v e  t o  Ni-Mo. Ponec (10,12) suggests t h a t  i n  o r d e r  t o  d i s s o c i a t e  
adsorbed CO and fo rm t h e  a c t i v e  s u r f a c e  c a r b o n  s p e c i e s  an.ensemble o f  a c t i v e  N i  
s i t e s  i s  necessary,  and t h a t  a d d i t i o n  o f  Cu, i t s e l f  i n a c t i v e  towards methanat ion,  
d i l u t e s  the  a c t i v e  N i  s i t e s  caus ing  lower  methanat ion  a c t i v i t y  o f  Ni-Cu c a t a l y s t s  
as compared t o  N i  c a t a l y s t s .  
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The change i n  s e l e c t i v i t y  obse rved  f o r  a l l  c a t a l y s t s  a f t e r  low p r e s s u r e  
ca rbon  d e p o s i t i o n  sugges ts  some t y p e  o f  m o d i f i c a t i o n  o f  t h e  a c t i v e  s i t e s .  It i s  
a l s o  reasonable t o  expec t  t h a t  a carbon covered s u r f a c e  w i l l  behave c a t a l y t i c a l l y  
more l i k e  a metal c a r b i d e  than a c lean  meta l  sur face.  Th is  i s  suppor ted by prev ious 
work of McCarty e t  a l .  (13,14) and Sexton e t  a l .  ( 1 5 ) .  I n  add i t i on ,  massive depos i t s  
O f  ca rbon  i n  f i l a m e n t o u s  fo rm have been shown b y  p r e v i o u s  worke rs  t o  separa te  and 
encapsu la te  m e t a l  c r y s t a l l i t e s .  Thus f o r m a t i o n  o f  l a r g e  amounts o f  Cg may p l a c e  
t h e  meta l  c r y s t a l l i t e s  i n  a new suppor t  environment, t h e  subsequent change i n  meta l -  
suppor t  i n t e r a c t i o n s  i n d u c i n g  changes i n  a c t i v i t y / s e l e c t i v i t y  p r o p e r t i e s .  I n  t h e  
case of b i m e t a l l i c  c a t a l y s t s  meta l -carbon i n t e r a c t i o n s  may induce changes i n  su r face  
c o m p o s i t i o n  wh ich  a f f e c t  s e l e c t i v i t y .  Ponec ( 1 2 ) ,  f o r  example, p r e s e n t s  ev idence 
f o r  t h e  su r face  m o d i f i c a t i o n  o f  a Ni-Cu f i l m  by  repeated a d s o r p t i o n  and temperature 
programmed desorp t i on  o f  CO. 

The d a t a  i n  T a b l e  2 suggest  t h a t  c a r b o n  d e p o s i t i o n  a t  h i g h  p r e s s u r e  may 
i n c r e a s e  t h e  amount o f  Cg formed i n  t h e  case o f  N i  and Ni-Mo c a t a l y s t s .  That  i s ,  
t h e  percentage decrease i n  CH4 t u r n o v e r  number observed a f t e r  h i g h  p ressu re  carbon 
d e p o s i t i o n  i s  e q u a l  t o  o r  g r e a t e r  t h a n  t h a t  o b s e r v e d  i n  t h e  low p r e s s u r e  runs .  
T h i s  o b s e r v a t i o n  can be e x p l a i n e d  on t h e  b a s i s  o f  C O  p a r t i a l  pressure.  A t  h i g h  
p r e s s u r e  t h e  minimum p a r t i a l  p r e s s u r e  o f  CO was 10 kPa (assuming 90% c o n v e r s i o n )  
whereas t h e  maximum p a r t i a l  p r e s s u r e  o f  CO i n  t h e  l ow  p r e s s u r e  carbon d e p o s i t i o n  
t e s t s  was 6 kPa. A t  a h ighe r  p a r t i a l  p ressu re  o f  CO t h e  adso rp t i on  and d i s s o c i a t i o n  
of CO on t h e  c a t a l y s t  s u r f a c e  proceeds a t  a much g r e a t e r  r a t e  (4,5). I f  t h e  carbon 
fo rma t ion  r a t e  i s  g r e a t e r  t han  t h e  g a s i f i c a t i o n  r a t e  more w i l l  r e s u l t .  

E f f e c t s  o f  Carbon D e a c t i v a t i o n  on Apparent A c t i v i t y / S e l e c t i v i t y  P r o p e r t i e s  
i n  a F i x e d  Bed a t  High Temperature, Conversion Cond i t i ons .  Even though cons ide rab le  
ca rbon  f o u l i n s  was e v i d e n t .  r e l a t i v e l v  l i t t l e  d e a c t i v a t i o n  was obse rved  d u r i n a  
s teady  s t a t e  i e p o s i t i o n  t e s t s  f o r  m o s t c a t a l y s t s  excep t  Ni-Mo-Cu (see  F i g s .  2 a n i  
3 ) .  T h i s  was p a r t i c u l a r l y  t r u e  a t  h i g h  p r e s s u r e .  T h i s  b e h a v i o r  i n d i c a t e s  t h a t  
o n l y  a p o r t i o n  o f  t h e  a c t i v e  s i t e s  are necessary t o  m a i n t a i n  a h i g h  r e a c t i o n  r a t e .  
I t  i s  t h e r e f o r e  reasonable to  assume t h a t  i n  a f i x e d  bed r e a c t o r  most o f  t h e  r e a c t i o n  
takes p lace i n  a small  zone at  the entrance t o  the bed, c r e a t i n g  a l a r g e  c o n c e n t r a t i o n  
g r a d i e n t  over t h e  r e a c t o r .  In  t h i s  s m a l l  zone, t h e  CO p a r t i a l  p r e s s u r e  i s  l a r g e  
and t h e  r a t e  o f  f o rma t ion  o f  Cg i s  high; f u r t h e r  downstream the  c a t a l y s t  i s  sub jec ted  
t o  a l o w e r  C O  p a r t i a l  p r e s s u r e  and l e s s  Q i s  formed.  Thus a r e a c t i o n  zone i s  
c rea ted  which g r a d u a l l y  moves downstream as t h e  c a t a l y s t  becomes f o u l e d .  Therefore, 
a t  h i g h  temperature,  h i g h  c o n v e r s i o n  c o n d i t i o n s  and e s p e c i a l l y  a t  h i g h  pressure,  
we would expect t o  observe ve ry  l i t t l e  d e a c t i v a t i o n  u n t i l  t h e  r e a c t i o n  zone reaches 
t h e  end o f  t he  bed. The c a t a l y s t  would then e x h i b i t  an ext remely r a p i d  d e a c t i v a t i o n  
s i m i l a r  t o  the  d e p l e t i o n  o f  an ion-exchange column. Thus, t h e  t r u e  d e a c t i v a t i o n  
b e h a v i o r  i n  a f i x e d  bed a t  h i g h  tempera tu res  and e s p e c i a l l y  a t  h i g h  p ressu res  i s  
masked b y  heat and mass t r a n s f e r  l i m i t a t i o n s .  

Ni-Mo-Cu e x h i b i t s  a d i f f e r e n t  type o f  b e h a v i o r  f r o m  t h e  o t h e r  c a t a l y s t s  
a t  h i g h  p ressu re .  D u r i n g  t h e  f i r s t  t h r e e  hours a v e r y  r a p i d  d e a c t i v a t i o n  occu rs .  
A f t e r  t h i s  t ime  t h e  d e a c t i v a t i o n  r a t e  i s  s i m i l a r  t o  t h a t  obse rved  d u r i n g  t h e  l o w  
p ressu re  carbon d e p o s i t i o n  run .  The tu rnove r  number da ta  i n  Tab le  2 and the  l a r g e r  
amount o f  c a r b o n  f o r  Ni-Mo-Cu r e l a t i v e  t o  N i  ( T a b l e  3) sugges t  t h a t  t h e  r a t e  o f  
g a s i f i c a t i o n  o f  t h e  d e p o s i t e d  carbon i s  s lower  a t  h i g h  p r e s s u r e  r e s u l t i n g  i n  more 
C f o r m a t i o n  and more r a p i d  d e a c t i v a t i o n .  The p r e s e n c e  o f  Cu p robab ly  i n h i b i t s  
t i e  g a s i f i c a t i o n  s t e p  by  l i m i t i n g  t h e  a r e a  a v a i l a b l e  f o r  H2 t o  adsorb and s ince  
h ighe r  C O  p a r t i a l  p r e s s u r e  i n c r e a s e s  t h e  r a t e  of C, f o r m a t i o n ,  a n e t  i n c r e a s e  i n  $, occurs. Ponec (12)  showed t h a t  f o r  CO adso rp t i on  on Ni-Cu/Si02 powder the  su r face  

1 c o n c e n t r a t i o n  i n c r e a s e d  w i t h  t i m e .  Assuming such  a change i n  Ni-Mo-Cu, the  
i nc reas ing  concen t ra t i on  o f  N i  on the sur face would i nc rease  t h e  r a t e  o f  g a s i f i c a t i o n  
w i t h  t h e  n e t  e f f e c t  of s l o w i n g  down t h e  r a t e  of $ f o r m a t i o n ,  t h u s  a c c o u n t i n g  f o r  
t h e  lower  d e a c t i v a t i o n  r a t e  observed a f t e r  t h r e e  hours. 
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Ef fec ts  of P r e - s u l f i d i n  . Separate g r a v i m e t r i c  s t u d i e s  i n  t h i s  l a b o r a t o r y  
(4,s) h a v m  t h a t  pre-su1fidi;g the  c a t a l y s t  s u b s t a n t i a l l y  reduces t h e  g a s i f i c a t i o n  
r a t e  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  t h e  r a t e  o f  i n a c t i v e  carbon d e p o s i t i o n .  The 
r e s u l t  i s  inc reased Cg f o r m a t i o n  (4,5) and more r a p i d  d e a c t i v a t i o n  o f  p r e - s u l f i d e d  
Ni-Mo-Cu and N i  r e l a t i v e  t o  t h e  f r e s h  c a t a l y s t s  (see T a b l e  3).  

Carbon D e p o s i t i o n  i n  a F l u i d i z e d  Bed. As m i g h t  be e x p e c t e d  Ni-Mo-Cu and 
Ni-Mo d e a c t i v a t e d  more r a p i d l y  i n  a f l u i d i z e d  bed t h a n  i n  a f i x e d  bed due t o  more 
u n i f o r m  exposure t o  the  r e a c t i o n  mix tu re .  However, Ni-Mo-Cu d e a c t i v a t e d  more r a p i d l y  
t h a n  Ni-Mo, a r e s u l t  o p p o s i t e  t o  t h a t  o b t a i n e d  i n  t h e  f i x e d  bed. Perhaps t h i s  can 
be accounted  f o r  b y  t h e  l o w e r  space v e l o c i t i e s  and l o w e r  convers ions  assoc ia ted  
w i t h  t h e  f l u i d i z e d  bed r e a c t o r .  The r a t e  o f  c a r b o n  f o r m a t i o n  i s  p r o p o r t i o n a l  t o  
t h e  p a r t i a l  p r e s s u r e  o f  CO. The lower c o n v e r s i o n  would t r a n s l a t e  t o  a h i g h e r  C O  
p a r t i a l  p ressure  a t  t he  c a t a l y s t  sur face  which would a f f e c t  each c a t a l y s t  d i f f e r e n t l y  
because o f  t h e i r  d i f f e r e n t  c o m p o s i t i o n s .  C a r e f u l  e x a m i n a t i o n  o f  t h e  l o w  p r e s s u r e  
f i x e d  bed data o f  Tables 2 and 3 revea ls  t h a t  Ni-Mo and Ni-Mo-Cu su f fe red  approxi inately 
t h e  same percentage l o s s  o f  s u r f a c e  area, b u t  t h a t  Ni-Mo c o n t a i n e d  t e n  t i m e s  more 
carbon a f t e r  t h e  s t e a d y - s t a t e  carbon d e p o s i t i o n  r u n .  Thus u n d e r  t h e  h i g h e r  CO 
p a r t i a l  p r e s s u r e  Ni-Mo-Cu m i g h t  b e  e x p e c t e d  t o  d e a c t i v a t e  more r a p i d l y  than N i -  
Mo s i n c e  inc reased carbon d e p o s i t i o n  would have more e f f e c t  on Ni-Mo-Cu. A p o s s i b l e  
a d d i t i o n a l  e f f e c t  i s  t h a t  under u n i f o r m  exposure t o  t h e  r e a c t a n t  m i x t u r e  a g r e a t e r  
m o d i f i c a t i o n  o f  t h e  s u r f a c e  o c c u r r e d  f o r  Ni-Mo-Cu t h a n  f o r  Ni-Mo. S i n c e  l a r g e  
c o n c e n t r a t i o n  and t e m p e r a t u r e  g r a d i e n t s  a r e  absent  i n  t h e  f l u i d i z e d  bed, these 
r e s u l t s  a r e  much more i n d i c a t i v e  o f  t h e  t r u e  d e a c t i v a t i o n  b e h a v i o r .  Moreover, 
t h e y  model b e t t e r  t h e  b e h a v i o r  a n t i c i p a t e d  i n  t h e  BI-GAS process. 

Regenerat ion o f  Carbon Fou led  C a t a l y s t s  i n  Air/Oxygen 

The r e s t o r a t i o n  o f  a c t i v i t y  f o l l o w i n g  r e g e n e r a t i o n  prov ides  s t r o n g  evidence 
t h a t  c a r b o n  f o u l e d  c a t a l y s t s  c a n  be r e g e n e r a t e d  w i th  d i l u t e  m i x t u r e s  o f  a i r  o r  
oxygen. I n  f a c t ,  t h i s  may be t he  on ly  p r a c t i c a l  approach since i n  i n d u s t r i a l  equipment 
t h e  r e g e n e r a t i o n  tempera ture  i s  u s u a l l y  l i m i t e d  t o  700 K, and s i g n i f i c a n t  carbon 
g a s i f i c a t i o n  b y  steam, H2 o r  C02 does no t  occur a t  temperatures below 800 K (16,17). 
The increase i n  CH4 t u r n o v e r  number f o r  t h e  c a t a l y s t s  a f t e r  t h e  h igh  pressure  d i l u t e  
O2 t rea tment  was more t h a n  c o u l d  be accounted f o r  b y  s imp le  removal o f  t h e  deposi ted 
carbon.  T h i s  c o u l d  b e  t h e  r e s u l t  o f  a s u r f a c e  m o d i f i c a t i o n  b y  t h e  O2 t rea tment  
and/or  a m o d i f i c a t i o n  w h i c h  o c c u r r e d  d u r i n g  r e a c t i o n  as d i s c u s s e d  p r e v i o u s l y .  

Palmer and V r o m  (18) showed t h a t  t h e  a c t i v i t y  o f  n i c k e l  i s  inc reased by  
h i g h  tempera ture  t r e a t m e n t  w i t h  0 as a r e s u l t  o f  i n c o r p o r a t i n g  d i s s o l v e d  O2 j u s t  
below the  surface. U n f o r t u n a t e l y  
t h i s  e f f e c t  appears t o  b e  o n l y  temporary, s i n c e  t h e  s p e c i f i c  a c t i v i t y  o f  regenerated 
Ni/A1 0 r e t u r n e d  t o  t h e  same va lue  as t h e  f r e s h  c a t a l y s t  a f t e r  24 hours  o f  r e a c t i o n  
a t  625 ;i< H2/C0 = 4, a c o n d i t i o n  chosen t o  ensure  t h a t  f u r t h e r  d e a c t i v a t i o n  d i d  
n o t  occur .  

Regenerat ion o f  methane a c t i v i t y  by  oxygen i s  n o t  w i t h o u t  a p r i c e ,  however. 
The r e s u l t s  show an o v e r a l l  decrease i n  s u r f a c e  area a f t e r  carbon d e p o s i t i o n  and 
r e g e n e r a t i o n  o f  18 t o  71%. T h i s  s u r f a c e  a r e a  l o s s  i s  u n d o u b t e d l y  a consequence 
of s i n t e r i n g  and even l o s s  o f  t h e  c a t a l y s t  c r y s t a l  l i t e s  themselves. Rostrup-Nielsen 
(19)  r e p o r t s  t h a t  d e p o s i t e d  carbon grows i n  l ong  h o l l o w  f i l a m e n t s  w i t h  t h e  N i  c r y -  
s t a l  l i t e  at  t h e  end. T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  s t u d i e s  i n  t h i s  l a b o r a t o r y  
(20) conf i rm t h i s  o b s e r v a t i o n .  The N i  c r y s t a l l i t e  i s  thus  removed f r o m  t h e  support  
b y  t h e  carbon f i l a m e n t  and when t h e  carbon i s  removed by o x i d a t i o n  t h e  c r y s t a l l i t e  
i s  p r o b a b l y  c a r r i e d  o u t  o f  t h e  r e a c t o r  w i t h  t h e  gas s t ream.  I n  f a c t ,  chemica l  
a n a l y s i s  of f r e s h  and r e g e n e r a t e d  Ni/A1203 samples r e v e a l e d  a 7% l o s s  o f  n i c k e l .  
It may be, t h e r e f o r e ,  i m p r a c t i c a l  t o  r e g e n e r a t e  c a r b o n - f o u l e d  c a t a l y s t s  w i t h  a i r  
o r  oxygen s i n c e  a f t e r  a few c y c l e s  o f  d e a c t i v a t i o n  and r e g e n e r a t i o n  a l a r g e  p a r t  

60 

Sexton and Somzrjai (15)  r e p o r t e d  s i m i l a r  r e s u l t s .  



of t h e  a c t i v e  s u r f a c e  o f  t h e  c a t a l y s t  w o u l d  b e  gone.  
how much N i  i s  removed p e r  t r e a t m e n t  and t h e  f requency  o f  t rea tments .  

It depends, o f  course, o n  

A Model f o r  D e a c t i v a t i o n  by Carbon 

We propose a model t o  account  f o r  d e a c t i v a t i o n  o f  n i c k e l  by  6 -carbon i n  
a f i x e d  bed d u r i n g  methanat ion.  The proposed model f o r  d e a c t i v a t i o n  i s  a m o d i f i c a t i o n  
of t ha t  proposed by Wise e t  a l .  (21) f o r  i n t e r a c t i o n  o f  s u l f u r  w i t h  N i .  A m o d i f i c a t i o n  
i n  t h e  r e a c t i o n  mechanism i s  a l s o  made t o  a c c o u n t  f o r  t h e  t r a n s f o r m a t i o n  of Ca 
t o  Cg and t h e  l o s s  o f  a c t i v i t y  f o r  s u r f a c e  r e a c t i o n  between C and H as t h e  number 
of a v a i l a b l e  n i c k e l  s i t e s  d imin ishes .  Our proposed model i s  

cos 4 cas + 0, 

C, + H, -+ (CH4)g s tepwise  6) 

2cas 3 C2BS 7 )  

5 )  

where t h e  s u b s c r i p t  "s "  denotes an adsorbed spec ies .  Since t h e  a s t a t e  r e p r e s e n t s  
s i n g l e  c a r b o n  atoms w h i c h  a r e  e a s i l y  g a s i f i e d  and t h e  B s t a t e  r e p r e s e n t s  p o l y -  
a tan i c  carbon lrhich i s  nuch less  a c t i v e  it i s  reasonable t o  assume tha t  t h e  d i m e r i z a t i o n  
o f  s i n g l e  CCC atoms t o  Cg causes the  d e a c t i v a t i o n  observed f o r  N i  and N i  b i m e t a l l i c  
methanat ion c a t a l y s t s .  

A c c o r d i n g  t o  o u r  p r o p o s e d  model t h e  r a t e  o f  d e a c t i v a t i o n  due t o  carbon 
f o u l i n g  i s  p r o p o r t i o n a l  t o  t h e  r a t e  o f  Cg f o r m a t i o n  w h i c h  i s  p r o p o r t i o n a l  t o  t h e  
n e t  r a t e  o f  CCC f o r m a t i o n .  The r a t e  o f  &X f o r m a t i o n  i s  i n  t u r n  p r o p o r t i o n a l  t o  
the p a r t i a l  p ressure  o f  CO and t h e  a c t i v i t y  o f  t h e  c a t a l y s t .  Assuming f i r s t  o r d e r  
dependence o n  b o t h  o f  t h e s e  v a r i a b l e s ,  an e x p r e s s i o n  f o r  t h e  d e a c t i v a t i o n  r a t e  
can be w r i t t e n  as d a / d t  = -kd[CO]a where  k d e a c t i v a t i o n  r a t e  c o n s t a n t ,  [ C O ]  
= c o n c e n t r a t i o n  o f  CO, a = n o r m a l i z e d  a c t i v i $ y = a t  t i m e  t .  The d e a c t i v a t i o n  model 
proposed by  Wise e t  a l .  f o r  s u l f u r  p o i s o n i n g  ( 2 1 )  can be adapted by  assuming t h e  
r e a c t i o n  r a t e  t o  be f i r s t  o r d e r  i n  CO c o n c e n t r a t i o n  and t h a t  t h e r e  are  no r a d i a l  
c o n c e n t r a t i o n  g r a d i e n t s .  Simultaneous s o l u t i o n  o f  t h e  d e a c t i v a t i o n  r a t e  express ion  
and t h e  equat ion  o f  c o n t i n u i t y  i n  the  z d i r e c t i o n  ( d i r e c t i o n  o f  f l ow)  y i e l d s  Equat ion 
1. The f o l l o w i n g  e x p r e s s i o n  a l s o  r e s u l t s  i f  z/V<<l,  where V i s t h e v e l o c i t y  i n  t h e  
z d i r e c t i o n .  

In[(---- ' )-13 = ln[exp(kaoz/V)-l]-kd[COo]t 8) -xco 
I n  [(- By p l o t t i n g  versus t i m e  t, va lues  f o r  k and kd  can be de termined 

f r o m  the  i n t e r c e p t  at!d s lope r e s p e c t i v e l y .  

Equat ion  1 i s  p l o t t e d  as a s o l i d  l i n e  i n  F i g u r e  2 u s i n g  t h e s e  parameters. 
I t  f i t s  the  data very w e l l  f o r  t h e  low pressure f i x e d  bed runs. A s i m i l a r  development 
assuming no c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  z d i r e c t i o n  l e a d s  t o  t h e  e x p o n e n t i a l  
r e l a t i o n s h p  o f  Equat ion  3 f o r  f l u i d i z e d  beds. Us ing  Equat ions 1 and 3 we e s t i m a t e  
t h a t  h a l f  o f  t h e  a c t i v e  s i t e s  f o r  Ni-Mo wou ld  be f o u l e d  i n  37 days i n  a f i x e d  bed 
and o n l y  30 h o u r s  i n  a f l u i d i  ed bed based on p r o c e s s  c o n d i t i o n s  o f  H2/C0 = 1.4 

The f a c t  t h a t  t h e  p r o p o s e d  model f o r  d e a c t i v a t i o n  by  carbon d e p o s i t i o n  
p r e d i c t s  e x p e r i m e n t a l  b e h a v i o r  q u i t e  w e l l  i n d i c a t e s  t h a t  i t  i s  c o n s i s t e n t  w i t h  
t h e  observed d e a c t i v a t i o n  b e h a v i o r  - -  i . e . ,  t h e  r a t e  o f  d e a c t i v a t i o n  i n c r e a s e s  
as the  p a r t i a l  p r e s s u r e  of CO i s  i n c r e a s e d  and decreases  as t h e  s u r f a c e  o f  t h e  
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c a t a l y s t  i s  f o u l e d  b y  i n c r e a s i n g  accumulat ions o f  i n a c t i v e  carbon. 

CONCLUSIONS 

1. A t  7 2 3  K a n d  a t m o s p h e r i c  p r e s s u r e  d e a c t i v a t i o n  o f  n i c k e l  c a t a l y s t s  
b y  carbon e x h i b i t e d  f i r s t  order dependence on CO concent ra t ion  (second o r d e r  o v e r a l l ) .  
H a l f - l i v e s  of N i  and Ni-Mo c a t a l y s t s  va r ied  f rom 13-170 hours.  Based on t h e  s p e c i f i c  
i n t r i n s i c  a c t i v i t i e s  (CH t u r n o v e r  numbers) a f t e r  r e a c t i o n  under carbon d e p o s i t i n g  
c o n d i t i o n s  t h e  o r d e r  o f  I e c r e a s i n g  r e s i s t a n c e  t o  carbon d e p o s i t i o n  a t  low pressure  
was: N i ,  N i  ( p r e - s u l f i d e d ) ,  Ni-Mo-Cu, Ni-Mo, Ni-Mo-Cu ( p r e - s u l f i d e d ) .  

Dur ing  r e a c t i o n  i n  a f i x e d  bed a t  h i g h  temperatures and pressures l i t t l e  
a p p a r e n t  d e a c t i v a t i o n  was o b s e r v e d  e x c e p t  i n  t h e  case o f  Ni-Mo-Cu. The e f f e c t s  
o f  d e a c t i v a t i o n  were masked by  t h e  f a s t  r a t e  o f  r e a c t i o n  o c c u r r i n g  i n  a p o r t i o n  
o f  t h e  bed. Thus t h e  t u r n o v e r  numbers de termined under r e a c t i o n  l i m i t e d  c o n d i t i o n s  
r e v e a l  t he  t r u e  e f f e c t s  o f  d e a c t i v a t i o n .  

2. 

3. Ni-Mo i s  more r e s i s t a n t  t o  carbon d e p o s i t i o n  i n  a f l u i d i z e d  bed than 
Ni-Mo-Cu. The f l u i d i z e d  bed exper iments  p r o v i d e  more r e a l i s t i c  i n d i c a t i o n  o f  t h e  
t r u e  d e a c t i v a t i o n  b e h a v i o r  because t e m p e r a t u r e  and r e a c t a n t  c o n c e n t r a t i o n s  a re  
more un i fo rm than i n  a f i x e d  bed. 

P r e - s u l f i d i n g  t h e  c a t a l y s t s  does n o t  improve t h e i r  t o l e r a n c e  t o  carbon 
d e p o s i t i o n .  I n  f a c t ,  p r e - s u l f  i d i  ng Ni-Mo-Cu s e v e r e l y  degraded i t s  per fo rmance 
under  severe  c a r b o n  d e p o s i t i o n  c o n d i t i o n s .  I t  i s  b e l i e v e d  t h a t  s u l f u r  p o i s o n s  
t h e  g a s i f i c a t i o n  o f  a c t i v e  carbon leading t o  a b u i l d  up and t r a n s f o r m a t i o n  t o  i n a c t i v e  
carbon. 

5. A l o w  p r e s s u r e  d i l u t e  a i r  m i x t u r e  a t  573 K r e g e n e r a t e s  most carbon 
f o u l e d  ca ta l ys ts .  Using a d i l u t e  O2 m i x t u r e  a t  h i g h  pressure r e s u l t s  i n  CH4 t u r n o v e r  
numbers and CH4 y i e l d s  wh ich  are  t e m p o r a r i l y  h i g h e r  t h a n  f o r  f r e s h  c a t a l y s t s .  Regen- 
e r a t i o n  u s i n g  a i r  o r  O2 r e s u l t s  i n  a s i g n i f i c a n t  l o s s  o f  s u r f a c e  area, b u t  i t  may 
be t h e  on ly  p r a c t i c a l  method due t o  temperature l i m i t a t i o n s  o f  i n d u s t r i a l  equipment. 
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Figure 1.  Equilibrium Diagram a t  723 K and 138 kPa Showing 
BI-GAS and Test Feed Gas Compositions. 
B = Fluidized Bed Runs, C = High and Low Pressure 
Runs plus some Differen t ia l  R u n s ,  D = Differen t ia l  
Runs.  Curve 1 i s  the equilibrium curve based on 

A = BI-GAS, 

graphite.  
a s  reported by J.R. Rostrup-Nielsen in  J .  Cat. 27, 

Curve 2 i s  based on "non-ideal" carbon 

343-356 (1 972). 
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